ABSTRACT: Mechanisms for the spontaneous worm expulsion from the host intestine are not well understood in gastrointestinal trematode models. We studied the role of CD4ϩ T-helper cells in mediating goblet cell hyperplasia and expulsion of Gymnophalloides seoi from the intestines of C57BL/6 (resistant) and ICR (susceptible) mice. C57BL/6 mice expelled all G. seoi worms within 4 days post-infection (PI), while ICR mice did not completely expel worms until day 7 PI. This difference in worm expulsion was associated with high numbers of mucosal goblet cells in C57BL/6 mice along with alteration of the mucin quality, with changes in the terminal sugar chain and high levels of IL-4 and IL-5 mRNA expression in mesenteric lymph nodes. Adoptive transfer of mucosal CD4ϩ T-helper cells to syngeneic mice elicited strong goblet cell hyperplasia and a notably accelerated worm expulsion. However, this T-helper cell transfer had no relationship with the alteration of mucin quality. The results showed that CD4ϩ T-helper cells play an important role as a mediator of goblet cell hyperplasia, but not for functional activation of goblet cells. It is suggested that both T-cell dependent and independent mechanisms operate for expulsion of G. seoi from the mouse intestine.
Many gastrointestinal helminths, including nematodes, trematodes, and cestodes, are spontaneously expelled from the host within a few days to a week after a primary infection. Commonly studied nematode and cestode models include Trichinella spiralis, Nippostrongylus brasiliensis, Heligmosomoides polygyrus, Strongyloides spp., Trichuris suis, and Hymenolepis diminuta (Ishikawa et al., 1997; Dehlawi et al., 2006; Kringel et al., 2006; Webb et al., 2007) . Trematode study models include Echinostoma trivolvis, E. caproni, E. hortense, Neodiplostomun seoulense, Metagonimus yokogawai, and Gymnophalloides seoi. These trematodes were found to be spontaneously expelled from rodent intestines after days 3-21 post-infection (PI) (Fujino et al., 1996; Chai et al., 1998; Seo et al., 2003; Guk et al., 2005; Cho et al., 2007) .
T-helper-2 (Th2)-type host immune responses are important in worm expulsion in nematode models, and major effector cells in this paradigm include mucosal mast cells and goblet cells (GCs) (Kawai et al., 2007; Humphreys et al., 2008) . The relative importance of mast cells and GCs varies by different species of worms. For example, GCs are important in the expulsion of N. brasiliensis, whereas mast cells are crucial in the expulsion of Strongyloides ratti (Else and Finkelman, 1998; Onah and Nawa, 2000) . Both GCs and mast cells are involved in the expulsion of T. spiralis and H. polygyrus (Else and Finkelman, 1998) . In trematode and cestode models such as E. caproni, E. trivolvis, G. seoi, and H. diminuta, worm expulsion is based on GCs alone as the most important effector cell population (Fujino et al., 1996; Seo et al., 2003; Toledo et al., 2006; Webb et al., 2007) .
T-cell dependent quantitative changes in GCs and qualitative changes in the terminal sugar of mucins secreted from GCs have been suggested to significantly influence worm expulsion of N. brasiliensis from infected rodents (Ishikawa et al., 1993; Onah and Nawa, 2000) . However, T-cell independent GC hyperplasia and mucin production were also shown in athymic rats infected with N. brasiliensis (Kawai et al., 2007) . Therefore, the mechanisms of GC hyperplasia and mucin production in response to nematode infections appear to be complex. The role of T-cells on GC hyperplasia and mucin production in trematode infections is poorly known. In the Republic of Korea, G. seoi (Digenea: Gymnophallidae) is a human intestinal trematode transmitted by oysters (Lee and Chai, 2001; Chai et al., 2003; Shin et al., 2008) . It is expelled from the intestines of experimentally infected mice within 3-14 days PI (Lee and Chai, 2001; Seo et al., 2003) . C57BL/6 mice exhibit resistance to infection, and worms are expelled within 3 days. Conversely, ICR and C3H/HeN mice are susceptible to infection, and worms stay for a longer period of time (Lee et al., 1997) . The expulsion of G. seoi was shown to be related to strong GC hyperplasia and delayed worm expulsion, together with suppressed GC hyperplasia, as was observed in immunosuppressed C57BL/6 mice (Seo et al., 2003) .
We examined the importance of mucosal CD4ϩ T-cells in the regulation of GC hyperplasia, in the alteration of terminal sugar residue on GC mucins, and in worm expulsion of G. seoi from mice. We used resistant (C57BL/6) and susceptible (ICR) mouse strains to evaluate the dynamics of infection. In addition, we observed the effects of an adoptive transfer of mucosal CD4ϩ T-cells and the associated roles of Th2 cytokines such as IL-4 and IL-5 on GC hyperplasia, GC activation, and worm expulsion in recipient mice.
MATERIALS AND METHODS

Animals and experimental infection with metacercariae
Specific pathogen-free C57BL/6 (resistant) and ICR (susceptible) mice were purchased from an animal center (Samtako, Osan, Republic of Korea). Donor mice were used for CD4ϩ T-cells and each mouse strain consisted of 10-15 males per group; mice were 4-wk-old and 20-25 g in body weight. Each strain had 5 recipient male mice per group. Mice were supplied with food and water sterilized by irradiation and autoclaving. At predetermined days, mice were killed by cervical dislocation. Animal experiments were carried out in accordance with the guidelines of Institutional Animal Care and User Committee, Seoul National University College of Medicine, Seoul, Korea.
Naturally infected oysters, Crassostrea gigas, were collected from Shinan-gun, Jeollanam-do, which is an area endemic for gymnophalloidiasis in the Republic of Korea (Lee et al., 1994) . The oyster shells were removed and the animal parts were digested in artificial digestive juice (0.5% pepsin 1:10,000 in 0.6% HCl solution; Sigma, St. Louis, Missouri) at 37 C for 3 min. The digested material contained free metacercariae and was washed several times with normal physiological saline. Metacercariae were collected using a stereomicroscope (SZ 3060, Olympus, Tokyo, Japan) after repeated sedimentation and washing. Two hundred metacercariae were administered orally per mouse.
Adoptive transfer of mucosal CD4؉ T-cells
Mesenteric lymph nodes (MLNs) were obtained on days 0, 2, and 7 PI. The MLNs were trimmed of fat and cut into small pieces with scissors. Single-cell MLN suspensions were made by pressing pieces through a stainless steel mesh into RPMI 1640 media (Gibco BRL, Grand Island, New York), supplemented with 10% fetal bovine serum (FBS, Gibco BRL), and filtered through a nylon membrane to exclude dead cells and debris. The cell suspension was washed 3 times with 10% FBS/RPMI-1640.
The MLN cells were separated into CD4ϩ and CD4Ϫ populations prior to intravenous transfer into recipient mice. The separation was performed using anti-mouse CD4 antibody bound to magnetic beads and a magnetic cell-sorting system (MACS) (Miltenyl Biotech, Bergisch, Gladbach, Germany) according to the manufacturer's instructions. Isolated cells were stained with anti-mouse CD4 phycoerythrin (IgG2b, PharMingen, San Diego, California) and assayed with a fluorescenceactivated cell sorter (FACScan) (Becton Dickinson, Sparks, Maryland) to confirm the purity. The proportion (by percentage) of cells expressing certain molecules was confirmed as being more than 93% at each time.
CD4ϩ T-cells or CD4Ϫ T-cells were resuspended at a concentration of 10 6 cells/100 l. Syngeneic recipient C57BL/6 and ICR mice were injected intravenously with 10 6 cells per mouse at 24 hr prior to oral challenge with 200 G. seoi metacercariae. The recipient mice were killed on day 1, 2, or 3 PI (C57BL/6) or on day 2, 4, or 7 PI (ICR). Timing of host death was based on active periods of worm expulsion from mice infected with G. seoi. Experimental groups were divided into normal infected mice, recipient mice adoptively transferred with CD4ϩ T-cells purified from uninfected donor mice (R nor ), or from infected donor mice on days 2 (R d2d ) and 7 (R d7d ) PI.
Worm recovery
Mice in each group were killed by cervical dislocation, and larval and adult flukes were recovered using the Baermann's apparatus (Beaver et al., 1984) . The flukes were collected from the bottom of the tube equipped in the apparatus. Intestinal segments were returned to Petri dishes to search for residual flukes under stereomicroscopy.
Histology
The middle portion of the jejunum was fixed in Carnoy's fixative for 4-6 hr for the detection of intestinal GCs. Fixed tissues were embedded in paraffin and sectioned at a 4-m thickness. Intestinal tissue samples were stained with periodic acid Schiff (PAS) solution and GCs were counted per 10 villus-crypt unit (VCU). Lectin histochemistry was performed in order to detect altered GC mucins using Helix pomatia agglutinin (HPA), which specifically recognizes the terminal GalNAc residues on the altered GC mucins Ishikawa et al., 1994) . The procedure described by Ishikawa et al. (1994) was followed. The values were expressed as the number of HPA-positive cells per 10 VCU.
Measurement of intestinal mucin
The procedure described by Khan et al. (1995) was followed for the measurement of intestinal mucin. The upper half of the small intestine was removed and divided into 2 pieces, and each piece was washed carefully with 10 ml of 1% sodium dodecyl sulfate (SDS) (Sigma). The solution containing mucus was sonicated for 1 min by an ultrasonicater (American Instrument Exchange, Farmingdale, New York), with maximum output, and then centrifuged at 500 g for 30 min at 4 C. The supernatant was collected and frozen until used. The amount of mucus was measured as the concentration (mg/ml) of saccharides using the phenol-sulphuric acid method (Dubois et al., 1956) . Briefly, 1 ml of supernatant was mixed with 1 ml of 5% phenol, and 5 ml of sulphuric acid was added to the mix. The mixture was kept at room temperature for 30 min and its absorbance was measured at 480 nm.
Semi-quantitative reverse transcriptase RT-PCR for cytokine mRNA
The MLNs from infected or uninfected control mice were removed and suspended in 0.5 ml TRIzol reagent (Gibco BRL). Total RNA was isolated following a protocol based on the single-step acid guanidinium thiocyanate-phenol-chloroform RNA isolation method. Reverse transcription for the first strand DNA was performed using the SuperScript First-strand Synthesis system for RT-PCR (Gibco BRL) according to the manufacturer's instructions. The primer sequences for all genes were taken from previous reports (Svetic et al., 1991; Wynn et al., 1993) . Hypoxanthin-guanine phosphoribosyl transferase (HPRT), a primer for housekeeping genes, was used to amplify the cDNA, which was reverse-transcribed from the total RNA to verify amounts of RNA content in each PCR reaction.
A ready-to-use PCR reaction mixture (Bioneer, Daejon, Republic of Korea) was used, and 1 l of cDNA and 10 pmol of each primer set were added to reaction tubes. Distilled water was added to make a final volume of 20 l. After an initial incubation at 95 C for 3 min, temperature cycling was initiated as follows: 94 C for 1 min, 54-63 C for 1 min, 72 C for 2 min, and final extension at 72 C for 7 min. Positive and negative controls were included in each assay to confirm that only cDNA PCR products were detected and that no reagents were contaminated with cDNA or previous PCR products. We selected target cytokines primarily associated with the acute inflammatory response or associated with T-cell activation and proliferation. The number of PCR cycles selected for each cytokine has been reported as follows (Svetic et al., 1991; Wynn et al., 1993) : IL-1␣ (27 cycles), IL-1␤ (27 cycles), IL-2 (35 cycles), IL-4 (33 cycles), IL-5 (32 cycles), IL-13 (33 cycles), IFN-␥ (29 cycles), TNF-␣ (32 cycles), and HPRT (23 cycles).
Amplified PCR products were electrophoresed in a 2% agarose gel stained with ethidium bromide and photographed under ultraviolet light. The band density on photographs was analyzed with the densitometrical analysis program, TINA (Raytest, Straubenhardt, Germany). The optical densities of bands were normalized by compensation with the amplified product of HPRT, and the quantity of naive mRNA was deduced. The densitometer unit of each cytokine was expressed as the mean cytokine/ HPRT ratio for 2 PCR samples analyzed individually at each time point. Finally, graphic results were presented as the ratio of infected mice over the uninfected controls.
Statistical analysis
Data were compared by 1-way analysis of variance and Student's t-tests. A P-value of Ͻ0.05 was considered statistically significant.
RESULTS
Higher resistance of C57BL/6 mice to G. seoi infection than by ICR mice
The susceptibility of both mouse strains to G. seoi infection was compared. C57BL/6 mice were more resistant to the infection than were ICR mice, and the worm recovery rate (WRR) from C57BL/6 mice was significantly lower (P Ͻ 0.05) at days 3-7 PI (Fig. 1) . ICR mice revealed a slower reduction of worm burdens until day 7 PI, and worms were recovered even after day 10 PI. In contrast, C57BL/6 mice showed faster and greater reduction of the worm burden from day 2 PI and, eventually, no worms were recovered at days 4-7 PI. Therefore, we designated ICR mice as slow responders (susceptible strain) and C57BL/6 mice as fast responders (resistant strain). The GC numbers per 10 VCU increased significantly in infected mice (P Ͻ 0.05) compared with uninfected control mice (day 0 PI), and this response was closely correlated with worm expulsion FIGURE 1. Comparison of the worm recovery rate (WRR) of G. seoi and the number of goblet cells (GCs) in C57BL/6 and ICR mice infected with 200 metacercariae. C57BL/6 mice showed higher resistance than did ICR mice. The increase in GC number was strongly related with worm expulsion in both strains of mice. GC numbers of all infected mice at days 1-7 PI were significantly higher than in uninfected control mice (day 0 PI) (P Ͻ 0.05). *Significantly (P Ͻ 0.05) higher in C57BL/6 mice than in ICR mice. (Fig. 1) . The GC response of the fast responders was significantly stronger than that of the slow responders at days 3 and 4 PI (P Ͻ 0.05). The GC number was remarkably reduced in fast responders at worm absence (days 6-7 PI) in the small intestine.
Effects of mucosal CD4؉ T-cell transfer on worm expulsion
Adoptive transfer of mucosal CD4ϩ T-cells isolated from the infected donor mice was highly effective in worm expulsion from small intestines of naïve C57BL/6 and ICR mice (Fig. 2) . The WRR of the R nor was not significantly different from that of normal infected (NI) mice. The mean and standard deviation (SD) of WRR in R nor was 19.7 Ϯ 10.7% in C57BL/6 mice and 26.3 Ϯ 14.3% for ICR mice, and the mean and SD of WRR in NI mice was 20.0 Ϯ 2.3% in C57BL/6 mice and 26.9 Ϯ 3.9% in ICR mice, all at day 2 PI. However, in C57BL/6 mice, the WRR of the R d2d group decreased significantly (P Ͻ 0.05) throughout days 1, 2, and 3 PI compared with the WWR in the NI group. This decrease in the R d2d group was more pronounced than in the R d7d group mice. Therefore, mucosal CD4ϩ T-cells of mice at day 2 PI with G. seoi were highly effective in enhancing the worm expulsion in the early stages of infection. The worm reduction of R d2d at days 1 and 2 PI were 84.4% and 91.5%, respectively (Fig. 2) . Conversely, in ICR mice, the WRR of the R d7d group was more significantly decreased (P Ͻ 0.05) than in the R d2d group, suggesting that CD4ϩ T-cells from day 7 PI were more potent in worm expulsion than those from day 2 PI. The worm reduction of R d7d at days 2 PI and 4 PI were 69.2% and 75.0%, respectively (Fig. 2) . The WRRs of R d2d and R d7d groups were both significantly lower than those in the NI group in 2 strains of mice (P Ͻ 0.05), with the exception of day 7 PI in the ICR mice.
Effects of mucosal CD4؉ T-cell transfer on GC hyperplasia
The mean GC numbers increased significantly (P Ͻ 0.05) in G. seoi-infected mice compared with uninfected mice; C57BL/6 mice had 41.2 Ϯ 8.9 GCs per 10 VCU and ICR mice had 41.0 Ϯ 8.8 GCs per 10 VCU. The GC responses in recipient mice were significantly higher than those in NI mice (P Ͻ 0.05) (Fig. 2) . GC numbers in both R d2d and R d7d groups were remarkably higher than those in NI mice from day 1 PI in C57BL/6 mice (P Ͻ 0.05), and the differences between the R d2d and R d7d groups were insignificant (Figs. 2, 4) . GC responses in ICR mice were significantly higher in the R d2d and R d7d group mice than in NI mice at days 2 PI and 4 PI (P Ͻ 0.05) (Fig.  2) . However, differences between R d2d and R d7d mice were insignificant. Worm expulsion actively occurred from day 7 PI, and GC numbers decreased from this point on.
Effects of mucosal CD4Ϫ T-cell transfer on GC responses and worm expulsion
The importance of CD4Ϫ T-cells on G. seoi worm expulsion was assessed through observation of the WRR and GC respons-FIGURE 2. Comparison of WRR of G. seoi and GC numbers after adoptive transfer of mucosal CD4ϩ T-cells in C57BL/6 and ICR mice. CD4ϩ T-cells on day 2 PI were more effective in enhancing GC responses and worm expulsion. *Significantly (P Ͻ 0.05) lower (WRR) or higher (GC numbers) in cell-recipient mice than in non-recipient mice. es in recipient C57BL/6 mice adoptively transferred with mucosal CD4Ϫ T-cells. The WRR and GC responses of recipient mice with CD4Ϫ T-cells at day 2 PI were not significantly different from those of NI mice (P Ͼ 0.05). The mean WRR was 19.7 Ϯ 7.8% in NI mice and 24.6 Ϯ 12.0% in CD4Ϫ T-cell-recipient mice, and mean mucosal GC numbers were 109.6 Ϯ 5.8 per 10 VCU in NI mice and 109.0 Ϯ 12.7 per 10 VCU in CD4Ϫ T-cell-recipient mice (Fig. 3) . By comparison, the WRR and GC numbers in recipient mice transferred with CD4ϩ T-cells were significantly lower (WRR) or higher (GC numbers) than in CD4Ϫ T-cell-recipient mice (P Ͻ 0.05).
CD4؉ T-cell-independent alteration of terminal sugar chain of mucus
The mean and SD of HPA-positive GCs per 10 VCU of C57BL/6 mice was 18.5 Ϯ 10.6 in uninfected controls, and it was significantly (P Ͻ 0.05) higher in NI (58.0 Ϯ 2.8), R d2d (61.3 Ϯ 6.8), and R d7d mice (62.5 Ϯ 6.4) at day 2 PI by lectin histochemistry (Fig. 4) . However, no significant differences were noted among NI, R d2d , and R d7d mice (P Ͼ 0.05). Therefore, alteration of the terminal sugar of mucins in mucosal GCs was independent of CD4ϩ T-cells in G. seoi infection.
Amount of intestinal mucus in relation to worm expulsion
The amount of small-intestinal mucus, as expressed by the concentration (mg) of saccharides per volume of tissue (ml) in uninfected and NI mice, was compared in order to evaluate the quantitative changes of the mucus in relation to worm expulsion. In C57BL/6 mice, the amount of mucus at days 1, 2, and 3 PI was significantly higher compared with uninfected controls at day 0 PI (P Ͻ 0.05) (Fig. 5) . The increase in the mucus amount was also significant (P Ͻ 0.05) at days 2 PI and 7 PI in ICR mice (Fig. 5) .
IL-4 and IL-5 mRNA expressions in relation to worm expulsion
We analyzed the mRNA expression of several cytokines, including IL-1␣, IL-1␤, IL-2, IL-4, IL-5, IL-13, IFN-␥, and TNF-␣. We examined the cytokine effects on MLN cells to FIGURE 3. Comparisons of WRR and GC responses between CD4ϩ T-cell-recipient C57BL/6 mice and CD4Ϫ T-cell-recipient C57BL/6 mice in the R d2d group. The CD4Ϫ T-cell subpopulation was not effective on GC hyperplasia and expulsion of G. seoi. *Significantly (P Ͻ 0.05) lower (WRR) or higher (GC numbers) in CD4ϩ cell-recipient mice than in NI mice or CD4Ϫ T-cell-recipient mice. ensure whether cytokine levels were related to GC hyperplasia and worm expulsion. The mRNA levels in the resistant C57BL/6 mouse strain of the NI and R d2d groups were assayed on days 1, 2, and 3 PI and compared with the worm-recovery results. The mRNA cytokine levels of infected mice were significantly higher than those of uninfected control mice (P Ͻ 0.05), with the exception of IL-1␣ and TNF-␣ (Fig. 6) . Strong expressions of cytokine mRNAs were observed in the early phase of infection. In particular, increases in IL-4 and IL-5 were remarkable, and IL-5 was significantly higher in R d2d mice than in NI mice (P Ͻ 0.05). Pro-inflammatory cytokines such as IL-1 group and TNF-␣ increased by less than 2-fold, and increases in Th1 cytokines such as IL-2 and IFN-␥ were less pronounced than were increases in IL-4 and IL-5 (Fig. 6) .
The mRNA levels in ICR mice were assayed in the NI and R d7d groups at days 2, 4, and 7 PI. Levels in ICR mice were generally lower than those in C57BL/6 mice (Fig. 6) . With the exception of IL-4 and IL-5, mRNA cytokine levels increased less than 1.0 to 1.5-fold, and those levels in infected mice were not significantly different from those of uninfected controls (Fig. 6) . The mRNA cytokine levels of IL-4 and IL-5 increased more than 1.5-fold at days 2 PI and 4 PI, and the IL-4 mRNA in NI mice was significantly higher than in R d7d group at days 4 PI and 7 PI (P Ͻ 0.05) (Fig. 6) .
DISCUSSION
The protective immunity of murine hosts against nematode infections is closely related to Th2-type immunity, which is activated by production of Th2 cytokines including IL-4, IL-5, IL-9, and IL-10 (Grencis et al., 1991; Ishikawa et al., 1997) . Th1 cytokines, including IL-12, IL-18, and IFN-␥, inhibit this immunity (Finkelman et al., 1997; Artis et al., 2004) . Mice infected with N. brasiliensis or T. spiralis exhibit Th2-type immune responses that are accompanied by marked GC hyperplasia. Mucins secreted from these GCs are important in the trapping and removal of worms from the gut (Ishikawa et al., 1997; Theodoropoulos et al., 2001; Artis et al., 2004) . Qualitative changes in the terminal sugar of mucins may play a crucial role in the worm-expulsion process of N. brasiliensis (Ishikawa et al., 1993) . Immune responses against nematodes can also be mediated by a T-cell-independent mechanism, because GC hyperplasia and mucin production were observed in athymic rats infected with N. brasiliensis (Kawai et al., 2007) .
Trematode-murine models, such as Echinostoma trivolvis and E. caproni infection, have demonstrated that significant GC hyperplasia was induced close to the time of worm expulsion (Fujino et al., 1996; Fujino, Ichikawa, and Fried, 1998; Fujino, Ichikawa, Fukuda, and Fried, 1998; Toledo et al., 2006) . Hamsters are a susceptible host for E. caproni and have displayed Normal infected mice at day 2 PI; (C) R d2d -group recipient mice. Lectin histochemistry was performed to detect altered GC mucins using Helix pomatia agglutinin, which specifically recognizes the terminal GalNAc residues on the altered GC mucins. PAS stain (ϫ200).
FIGURE 5. Amount of small-intestinal mucus, as expressed by concentration of saccharides per ml of mucosal tissue, secreted from GCs. In C57BL/6 mice, the mucus amount was significantly (*P Ͻ 0.05) increased at days 1, 2, and 3 PI compared with uninfected control mice (day 0 PI). In ICR mice, the increase was significant (*P Ͻ 0.05) at days 2 PI and 7 PI as compared with uninfected controls (day 0 PI).
significantly smaller GC numbers than rats, a resistant host (Toledo et al., 2006) . The involvement of GCs in worm expulsion of E. caproni seemed evident (Fujino, Ichikawa, and Fried, 1998) . The immune mechanics may be more complex than previously considered because GC hyperplasia was also observed in recombinase activating gene-2 (RAG-2)-deficient mice lacking T-and B-cells (Frazer et al., 1999) . These mice failed to reject E. caproni (Frazer et al., 1999) . There have been no reports on the observation of alteration of terminal sugar residues on GC mucins in E. caproni and other echinostome models. Establishment of chronic infection with E. caproni in mice is induced by an early Th1 response with elevated levels of INF-␥ (Brunet et al., 2000) . This is different from immune responses in nematode infections in which Th2-type immunity predominates (Theodoropoulos et al., 2001; Artis et al., 2004) .
Worm-rejection kinetics were different in G. seoi infection depending on the strain of mouse, as C57BL/6 mice rejected most of the worms during days 2-6 PI, and ICR and C3H/HeN FIGURE 6. Cytokine mRNA expression in C57BL/6 and ICR mice. Values were expressed as the factor increase over controls between uninfected mice and CD4ϩ T-cell-recipient mice on day 2 PI in C57BL/6 mice (R d2d ) or day 7 PI in ICR mice (R d7d ). Values of all types of cytokines were significantly increased (P Ͻ 0.05) in infected mice rather than in uninfected controls in C57BL/6 mice, with the exception of IL-1␣ and TNF-␣. In ICR mice, the values of all types of cytokines were not significantly increased, with the exception of IL-4 and IL-5, which showed more than 1.5-fold increases. In particular, the mRNA of IL-4 in normal infected mice was significantly higher (P Ͻ 0.05) than that in the R d7d group at days 4 PI and 7 PI. mice retained most worms until day 8-13 PI (Seo et al., 2003) . The degree of GC hyperplasia varied significantly by individual mouse strains, and involvement of GCs in the worm expulsion was suggested (Seo et al., 2003) . Our study suggests that GCs are involved in worm rejection of G. seoi from mouse intestines. GC proliferation appeared to be CD4ϩ T-cell dependent, but GC activation in terms of alteration of GC mucins was CD4ϩ T-cell independent.
Th2 immune responses by MLN cells on day 8 PI with T. spiralis were reported in studies investigating the relationship between cytokine quantity in vitro and parasite expulsion (Grencis et al., 1991; Ishikawa et al., 1997) . Ishikawa et al. (1997) compared the effects of MLN cell transfer on GC numbers in recipient mice. In T. spiralis infection, a transfer of MLN cells obtained from syngeneic mice on day 8 PI significantly enhanced GC hyperplasia in recipient mice, and it was suggested that small intestinal GC hyperplasia in T. spiralisinfected animals is regulated by Th2 cells (Ishikawa et al., 1997) .
We performed cell-transfer experiments in the present study using different strains of mice. Transfer of MLN-CD4ϩ T-cells obtained on day 2 PI with G. seoi had significant effects on GC responses in the resistant recipient mice (C57BL/6). By contrast, the transfer of MLN-CD4ϩ T-cells obtained on day 7 PI had significant effects on GC responses in the susceptible recipient mice (ICR). There was a difference in the kinetics of GC responses in association with parasite expulsion between the 2 mouse strains. GC hyperplasia in our studies was typically related to a decrease in the number of worms in the small intestine. Previous studies have shown that host animals became resistant to reinfection with T. spiralis after worm expulsion (Wakelin and Wilson, 1979) . This immunity could be transferred by T-helper cells, and available data indicate that Th2 cells engage in this transfer (Grencis et al., 1985) .
Previous studies using lectin histochemistry suggested that the alteration of terminal sugars of GC mucins was closely associated with expulsion of nematodes (Ishikawa et al., 1993 Khan et al., 1995) . Alteration of terminal sugars of GC mucins is indicative of functional activation of GCs (Ishikawa et al., 1993 . Changes of GCs during N. brasiliensis expulsion can be divided into a T-cell-dependent proliferation and a T-cell-independent alteration of terminal sugars of mucins, and these qualitative changes seem to be more critical for worm expulsion . Alteration of terminal sugars of mucins was significantly increased in all infected mice in our study. This response was also significantly greater in the R d2d C57BL/6 mice than in control mice, but no significant increases were shown in other recipient mice. Alteration of terminal sugars of mucins is important in worm expulsion of G. seoi, and this response could be induced by a T-cell-independent process.
Our study also revealed that the mucin amount in the small intestine was increased by G. seoi infection. In particular, saccharide amounts increased in connection with GC hyperplasia in C57BL/6 mice. The kinetics of intestinal saccharide amounts were well correlated with GC hyperplasia in the small intestine of mice in previous studies (Khan et al., 2001) . Therefore, the majority of the increased intestinal saccharides were probably of mucin origin. Further, adoptive transfer with CD4ϩ T-cells selected from infected donor mice increased the amount of saccharides in intestines from NI mice (data not shown). It is, therefore, likely that CD4ϩ T-cell transfer can increase the release of mucins from GCs.
GCs are exocrine cells of the intestinal epithelium and are specialized in mucin exocytosis. After secretion, mucin hydrates to form a viscous gel that forms a major barrier between the intestinal contents and underlying mucosa (Khan et al., 2001) . Mucus trapping was considered as a non-specific defense mechanism of the host in the past, but studies have indicated that the protective role of GC mucins in worm expulsion is rather selective (Khan et al., 2001) . GC hyperplasia and alteration of terminal sugar residues of GC mucins may be related to selective binding of mucus to the surface of parasite species. Studies are required to elucidate the precise role of altered mucins on G. seoi expulsion in C57BL/6 mice.
It was recently reported that Th2 cytokines may regulate GC hyperplasia and protective immunity in the gut during T. spiralis infection via the Stat6 (signal transducer and activator of transcription factor 6) signaling pathway (Urban et al., 2000; Khan and Collins, 2004) . The interaction between each cytokine and its receptor leads to activation of signaling molecules including Stat proteins; and Stat6, which is essential for Th2 immunity development, is activated by both IL-4 and IL-13 (Nelms et al., 1999) . A critical role for Stat6 has been reported in allergen-induced airway hyper-responsiveness and mucus production (Kuperman et al., 1998) . Stat4 is activated by IL-12 and is important in Th1-type responses (Kuperman et al., 1998) .
Cytokine mRNA expression was examined in our study to understand T-cell-derived molecules and their correlation with GC responses and expulsion of G. seoi. The expression levels of cytokines in the resistant C57BL/6 mice were higher than those in the susceptible ICR mice. The expressions of IL-4 and IL-5 were meaningfully increased at the early stages of infection. These cytokines appear to be associated with GC hyperplasia and the expulsion of G. seoi. Infection with T. spiralis revealed that IL-5 did not act as a Th2-derived factor, and GC hyperplasia was not induced directly in response to a factor produced by Th2 cells, but by secretory products induced by this factor in other cells (Ishikawa et al., 1997) . This should be studied in G. seoi infection in C57BL/6 mice. It is further suggested that a Stat signaling pathway, by stimulation or activation of IL-4 and IL-5, may be involved in the GC hyperplasia and worm expulsion in mice infected with G. seoi.
In summary, C57BL/6 mice can expel G. seoi worms more quickly than ICR mice. The GC hyperplasia in the small intestine of G. seoi-infected mice was regulated by CD4ϩ T-cells, although the alteration of the terminal sugar chain of mucins is probably induced by a non-CD4ϩ T-cell-dependent process. Adoptive transfer of mucosal CD4ϩ cells, but not CD4Ϫ cells, was effective in regulating GC responses and facilitated worm expulsion from the 2 strains of mice. Qualitative changes in the GC mucins were more important than quantitative increases in GCs for worm expulsion. The mRNA expression of Th2 cytokines, particularly IL-4 and IL-5, was positively correlated with worm expulsion during the early stage of infection.
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